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Summary

The paper presents an overview and analysis of the results of research on therapeutic ranges 
of concentrations and receptor occupancy, mainly D2 receptors, in the treatment with some 
atypical antipsychotic drugs. Amisulpride, aripiprazole, clozapine, quetiapine, olanzapine, 
risperidone, paliperidone, sertindole, and ziprasidone were taken into account. The benefits of 
therapeutic drug monitoring to optimize the effectiveness of treatment and avoid side effects 
or toxicity were shown. The safety of patients, with the possibility to use the lowest effective 
dose, is an undoubted profit of TDM. This helps to avoid overdosing resulting in adverse events 
(with particular emphasis on extrapyramidal symptoms and seizures). The need and desirability 
of TDM is due to the inter – and intraindividual differences in the pharmacokinetics of drugs, 
because only some of them have a close correlation between dose and plasma concentration. 
The plasma concentration correlates well with the occupancy of D2 receptors. The efficient 
and safe level is determined at 60–80%. Based on the knowledge of the indications for TDM 
and therapeutic concentration ranges, amisulpride, clozapine and olanzapine have the highest 
level of recommendation to use TDM. Therapeutic ranges of plasma concentrations of the 
analyzed drugs were determined to be 200–320 ng/ml for amisulpride, 150–210 ng/ml for 
aripiprazole, over 350–500 ng/ml for clozapine, 50–500 ng/ml for quetiapine, 20–40 ng/ml 
for olanzapine, 20–60 ng/ml for risperidone and paliperidone, 50–100 ng/ml for sertindole 
and 50–130 ng/ml for ziprasidone.
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Introduction

Therapeutic Drug Monitoring (TDM) makes it possible to respond to individual 
differences disclosed in the course of treatment through proper interpretation of clinical 
and laboratory findings. It gives a chance to avoid adverse effects, toxicity or lack of 
efficacy. Such optimization is intended to reduce the cost of treatment with an increase 
of the safety of the patient.

TDM in psychiatry has been a subject of discussion and a lot of research be-
cause specific guidelines have been developed only for a few drugs, such as mood 
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stabilizers (lithium, valproate, carbamazepine), some antidepressants and several 
antipsychotics.

In response to the therapeutic problems in clinical trials, guidelines for the use of 
TDM in the treatment of mental disorders have been developed by a group of German 
experts – AGNP (Arbeitsgemeinschaft fur Neuropsychopharmakologie und Pharma-
kopsychiatrie) [1]. The guidelines are presented in Table 1.

Table 1. Indications for the use of therapeutic drug monitoring in the treatment of mental 
disorders (AGNP)

Clinical situations in which TDM is justified:
Suspected non-adherence
Drugs for which TDM is mandatory for safety reasons (e.g., lithium)
Narrow therapeutic range
Non-linear dose-concentration ratio
Lack of clinical response, or insufficient response even if doses are considered as adequate
Adverse effects despite the use of therapeutic doses
Suspected drug interactions
TDM in pharmacovigilance programs
Combination treatment with a drug known for its interaction potential, in situations of comorbidities, 
augmentation
Relapse prevention in long-term treatments, prophylactic treatments
Recurrence despite good compliance and adequate doses
Presence of a genetic particularity concerning the drug metabolism
Children, adolescents and elderly patients (>65 years)
Patients with pharmacokinetically relevant comorbidities (hepatic or renal insufficiency, cardiovascular 
disease)
Forensic psychiatry
Problems occurring after switching from an original preparation to a generic form (and vice versa)

TDM uses a number of new, innovative methods of measuring the plasma con-
centrations of drugs. High-performance liquid chromatography (HPLC) and ultra-
performance liquid chromatography (UPLC) are the most recommended and described 
techniques for measuring the concentrations of drugs and their active metabolites 
separately. Immunochemical methods: EIA (enzyme immunoassay), FPIA (fluorescence 
polarization immunoassay) and ELISA (enzyme-linked immunosorbent assay) are 
characterized by high sensitivity and speed of measurement. New analytical methods, 
for example, capillary electrophoresis (CE) are also used. PET (positron emission 
tomography) and SPECT (single-photon emission computed tomography) are used to 
assess the degree of receptor occupancy (in the case of antipsychotic drugs – mainly 
dopamine D2 receptors), which can be an important indicator of treatment efficacy 
together with the plasma concentrations.
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This work presents an overview of the results of research carried out for deter-
mining therapeutic ranges of plasma concentrations of some atypical antipsychotics 
to optimize therapy.

Amisulpride

Amisulpride is an antipsychotic drug of the benzamide group. Its half-life is 12–20 
hours. Only approximately 4% of the administered dose is metabolized in the liver to 
2 inactive metabolites. The average therapeutic dose range is 300–800 mg/day.

The plasma concentrations of amisulpride were the subject of many studies, in-
cluding German ones. Differences depending on age and gender were observed [2–4]. 
In a study of 395 patients treated with amisulpride (dose of 574 (+/ – 269) mg/day), 
higher concentrations have been demonstrated in women than in men. Average plasma 
concentration was 304 (+/ – 274) ng/ml. In people over 60 years of age, higher plasma 
concentrations were observed at comparable doses [2]. In another study, involving 99 
patients treated with amisulpride as monotherapy (doses higher or equal to 400 mg/
day), higher levels in women were also observed. However, this had no significant 
impact on the clinical response (respectively 77 and 79%) and adverse events (41 and 
37%) [3]. Similar results were obtained in a study by Bergemann et al. [4] on a group 
of 85 patients. Other groups were also observed: smokers (no effect on the plasma 
concentrations of amisulpride) and patients concomitantly taking other medications: 
lithium, clozapine (increased plasma levels), benzodiazepines, and classical antipsy-
chotics (no effect). The study conducted by Müller et al. [5] on 378 patients treated 
with daily doses of 100–1,550 mg of amisulpride (an average of 594 mg/day) showed 
a direct relationship of the plasma concentration and the dose. Only in patients with 
insufficient clinical response, the concentrations were much lower. On the contrary, 
patients achieving higher concentrations of the drug reported the occurrence of side ef-
fects, particularly extrapyramidal symptoms (14.6% of respondents). It was determined 
that the concentrations providing clinical response and no adverse effects should be 
within the range of 100–320 ng/ml.

The literature analyzing the conducted studies suggests respectively: amisulpride 
daily dose of 400–800 mg, plasma concentration of 200–500 ng/ml and safe levels 
(to avoid the extrapyramidal symptoms) within the range of 200–320 ng/ml [6]. It is 
suspected that the lower D2 receptor occupancy in the striatum (compared with the 
thalamus and temporal cortex) may account for a low risk of extrapyramidal symptoms, 
and preferential occupancy of the limbic system – therapeutic efficacy [7, 8].

However the dependence of plasma levels on dosage is proportional in most pa-
tients, a small percentage of non-response to treatment, concomitant use of other drugs, 
the patient’s age, and even diet (carbohydrates shorten the time to reach maximum 
concentration at its generally lower value) can be indications for the need to monitor 
the plasma concentrations of amisulpride.
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Aripiprazole

Aripiprazole belongs to the group of quinolinone derivatives. Aripiprazole is me-
tabolized in the liver by CYP3A4 and CYP2D6 to its active metabolite – dehydroari-
piprazole (DARI). The half-life of aripiprazole is different depending on the activity of 
CYP2D6, within the range of 60–146 hours, and of DARI – approximately 94 hours. 
In Polish literature, the recommended dose range is 15–30 mg/day. In British studies, 
the highest proportion of therapeutic response was achieved at a dose of 10 mg/day 
[9], without significant benefits of doses above 20 mg/day [10].

In several studies by Kirschbaum et al., plasma levels of the parent compound and 
the active metabolite were evaluated at a dose of 20 (+/-8) mg/day and 10–30 mg/day 
(in each case median of 15 mg/day). The obtained results were similar, at the average 
level of 146–254 ng/ml [11] and 150–300 ng/ml [12], without significant side effects 
in the range of 110–249 ng/ml [12]. In literature analyzing the studies, the safe and ef-
fective plasma concentration of aripiprazole is suggested to be in the range of 150-210 
ng/ml [9]. In most patients, the relationship between dose and the achieved concentra-
tion is proportional. It should be noted that even at a concentration of 5–10 ng/ml, the 
D2 and D3 receptor occupancy reaches 50% of the maximum saturation, and above 
100–150 ng/ml – achieves total saturation [13]. In other studies the concentrations 
achieved by patients of different age, sex, BMI, having different smoking habits, and 
taking other medicines (such as fluoxetine, paroxetine) were compared. There were no 
significant effects of these factors on the plasma concentrations of aripiprazole [14, 15]. 
Significant differences were expressed in patients with different CYP2D6 genotype 
who metabolize the drug to a variable extent and reach similar concentrations at doses 
that differ up to 40% [16].

Considering the above, in the majority of patients therapeutic drug monitoring 
of aripiprazole is not justified. However, it may be helpful in cases of questionable 
cooperation and genotypic differences.

Clozapine

Clozapine is a dibenzodiazepine derivative. It is the most efficacious antipsychotic 
drug in drug-resistant patients. It has one of the most complex receptor mechanisms. Its 
half-life is 6–26 hours, 12 on average. It is almost completely metabolized, primarily 
with the involvement of CYP1A2, CYP3A4 and CYP2D6. The average therapeutic 
dose is in the range of 200–600 mg/day.

In the case of clozapine, the dose and plasma concentration are related linearly 
[17, 18]. However, concentrations achieved on a given dose depend on many fac-
tors. In a study by Haring et al. on 148 patients taking a wide range of daily doses 
(12.5–700 mg), percentage differences in several groups were evaluated. The research-
ers observed higher concentrations in women in relation to men – 100:69.3%, in non-
smoking men compared to the smoking ones – 100:81.8% (in women there was no 
significant difference) and in older patients compared to younger ones [18]. Another 
study evaluated the racial differences. Asians (Caucasian race) needed approximately 
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twice lower doses to achieve similar concentrations of the parent substance and me-
tabolites [19]. Some substances affect the metabolism of clozapine by changing the 
activity of cytochrome, mainly CYP1A2 – for example carbamazepine, phenytoin and 
tobacco lower the concentration of clozapine through induction of the cytochrome, 
while inhibitors, such as erythromycin or caffeine – vice versa [20, 21].

Other relevant factors include inflammation-induced toxic concentration increases 
by raising the levels of proinflammatory cytokines and inhibition of CYP1A2 [22]. 
Similarly, respiratory infections with fever can cause even a double increase of clozap-
ine concentrations [23]. Algorithms to evaluate the appropriate plasma concentration 
of the drug and its metabolites according to individual characteristics, such as gender, 
age, body weight, smoking habits, were developed [24]. However, the above-mentioned 
factors may be an obstacle to the use of such algorithms.

Taking into account the research from the 1990s, many researchers tried to 
determine the concentrations and therapeutic response thresholds for clozapine. 
The obtained results were different: 200 ng/ml [25], 350 ng/ml [26, 27], 370 ng/ml 
[28], 420 ng/ml [29], 504 ng/ml [30], and 550 ng/ml [31]. On average, 350–500 ng/ml 
is given as the minimum concentration for therapeutic response, although the upper 
limit of the recommended concentrations has not been established. The concentra-
tion of 200 ng/ml was defined as threshold for relapse prevention in the treatment of 
schizophrenia [32], and large fluctuations of concentrations as an increased risk of 
relapse [33]. Concentrations above 250 ng/ml carry the risk of various side effects 
[34]. In 2 independent studies conducted by Greenwood-Smith and Varma et al., the 
concentrations of 1,000 ng/ml [35] and 1,300 ng/ml [36] were reported as significantly 
increasing the risk of seizures. Therefore, it is proposed to consider the administra-
tion of an anticonvulsant (valproate, lamotrigine) above a concentration of 500 ng/
ml [36]. In case of hematological and cardiac disturbances, no close connection with 
the concentration of clozapine was indicated [35].

Therapeutic guidelines recommend monitoring of the concentration of clozapine, 
with a particular focus on weak response to treatment, the suspicion of non-cooperation, 
toxicity, the occurrence of significant adverse reactions (seizures), liver disease, or 
the effect of other medicines and stimulants. In these situations, the therapeutic drug 
monitoring of clozapine may have important clinical value.

Quetiapine

Quetiapine is a benzodiazepine derivative. It is metabolized in the liver through 
CYP3A4 to more than 20 metabolites. The half-life is about 7 hours. The average 
therapeutic dose in schizophrenia is in the range of 200–600 mg/day. Despite the 
tendency of many clinicians to increase doses even above 800 mg/day, studies have 
demonstrated that doses of quetiapine in the range of 150–450 mg/day are no less 
efficient than those up to 750 mg/day. In the case of extended-release quetiapine, the 
dose of 400 mg/day is also as effective as up to 800 mg/day [37].

The range of concentrations recommended for adults to exclude adverse effects is 
within 70–170 ng/ml [38]. Other sources give a concentration range for the effective 
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treatment of schizophrenia at 50–500 ng/ml [39]. Both the literature review and recent 
studies on children, adolescents and adults in which the relationship between doses, 
plasma concentrations, therapeutic response and the occurrence of adverse reactions 
were observed, reported a poor relationship between the dose and the concentration and 
no relationship between concentration and therapeutic response [38, 40, 41]. No dif-
ferences in pharmacokinetics of quetiapine between children and adults were found 
[42, 43]. Only a relationship between the dose and D2 receptor occupancy [41] and 
preferential D2 receptor binding in the extrastriatal areas [44] was observed. Similar 
results were obtained in 80% of patients in mono – and polytherapy, significantly lower 
concentrations were obtained only in patients co-administered with carbamazepine 
[40]. It would therefore seem that the monitoring of quetiapine plasma concentrations 
does not apply to optimize the dosage.

In the 3-year study by Castberg et al. [45] on a group of 1,179 patients treated with 
quetiapine, the impact of age and other drugs on its pharmacokinetics was observed. 
It was found that age over 70 years affects the increase in concentration of quetiapine, 
while under 18 years of age – the other way around. Simultaneous administration of 
CYP3A4 inhibitors: alimemazine, citalopram, escitalopram, and, in particular, clozap-
ine and fluvoxamine significantly increases the plasma concentration of quetiapine. 
Conversely, lamotrigine, levomepromazine, oxazepam, and carbamazepine cause the 
decrease of quetiapine plasma levels [45]. In a study conducted by Aichhorn et al. [46], 
the influence of age and sex on the increase of quetiapine concentrations was confirmed, 
with higher concentrations in women having no clinical significance. An exceptional 
increase in the concentration of quetiapine (77%) has been noticed with valproate 
co-administration. An additional factor is polymorphism of CYP3A4 among patients. 
CYP3A4*22 allele is responsible for an increase of quetiapine concentration [47]. 
In such cases, the usefulness of quetiapine therapeutic drug monitoring seems important.

Olanzapine

Olanzapine is derived from thienobenzodiazepine, and is an antagonist of seroto-
nin and dopamine. It is metabolized in the liver in approximately 40% during the first 
pass, and the unchanged molecule shows the main pharmacological activity. Half-life 
in a young, healthy person is about 34 hours and increases with age, it is also longer 
in women and non-smokers. The average therapeutic dose is 10–20 mg/day.

In the study by Aravagiri et al. [48], it was found that the daily doses of 10, 15 or 
20 mg are linearly related to the achieved plasma concentrations, ranging from 0.25 
to 50 ng/ml. In other studies, the impact of age, gender, tobacco and other drugs on 
the concentration of olanzapine was evaluated in the same patients at different doses 
(proportional relationship) or in the same person and different people at a stable dose 
(a dispersion of approx. 30% and approx. 49%, respectively). In women and people 
over 60 years of age the concentrations were higher, in smokers and African-Americans 
– lower [49–52]. In a study by Nozawa et al. [53] age, sex and, in particular, smoking 
are listed as factors of a more significant impact on the olanzapine concentration than 
the genetic polymorphism of UGT1A4, CYP3A4 and CYP2D6. A positive impact 
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of fluvoxamine (+74%) and to a lesser extent: paroxetine, fluoxetine, sertraline, and 
venlafaxine was noticed, and negative – of P450 inducers [49, 54], lithium and trimi-
pramine [55]. In comparison with monotherapy, amitriptyline, benperidol, flupentixol, 
and lorazepam had no impact on olanzapine concentrations [55]. In different studies, 
the influence of carbamazepine was indicated as neutral [55] or negative [52, 54]. 
Patients previously treated with clozapine presented higher plasma concentrations 
of olanzapine [50]. In studies involving patients with schizophrenia, a threshold for 
response to treatment (an improvement of at least 20% in the BPRS or the PANSS) 
was suggested at > 9 ng/ml [56] and 23 ng/ml at the time of 13.5 h after the dose [57]. 
In the study by Mauri et al., [58] no additional benefit was found at concentrations 
higher than 40 ng/ml. Therefore, a therapeutic concentration range of 20–40 ng/ml 
has been suggested, while concentrations above 80 ng/ml can cause the occurrence of 
adverse effects [54]. Concentrations above 100 ng/ml are considered toxic, and above 
160 ng/ml potentially fatal, especially when taking other medications [59]. Olanzapine 
is burdened with the risk of many adverse reactions, even in therapeutic ranges. One of 
the most important, hard-to-avoid effects, is clinically significant weight gain (>= 7%) 
observed even at levels of 20.6 ng/ml [60].

In some sources, large (up to 47%) interindividual differences in plasma concen-
trations of olanzapine are considered as limitation of TDM value [61]. Monitoring 
the concentration of olanzapine seems appropriate in cases in which non-adherence 
is suspected, when the maximum recommended daily dose gives no expected thera-
peutic response (about 20% of patients do not achieve a concentration of 20 ng/ml at 
a dose of 20 mg/day [62]) or the above-mentioned factors affecting the concentration 
of olanzapine are present.

Risperidone

Risperidone belongs to benzisoxazole derivatives. It is metabolized in the liver with 
the participation of CYP2D6 to an active metabolite – 9-hydroxyrisperidone and other 
inactive metabolites. After oral administration, the half-life is 3 hours for risperidone, 
and 23–24 hours for 9-hydroxyrisperidone. The minimum daily dose is 1 mg and the 
average therapeutic dose is in the range of 2–4 mg/day. No additional benefits from 
the application of doses above 8 mg/day have been demonstrated.

The therapeutic plasma concentration of risperidone shall be within the range 
of 20–60 ng/ml (parent substance plus active metabolite) [63, 64]. In some studies, 
ranges of 25–150 ng/ml (therapeutic concentrations) and 25–80 ng/ml (optimum 
concentration – without side effects) have been suggested [65]. In the 6-week study 
by Lane et al. [66] with the participation of 30 patients, the dose of risperidone was 
titrated to 6 mg/day to observe the therapeutic response and side effects. As a result, 
13 patients needed to reduce the dose to approximately 3 mg/day with similar plasma 
concentrations (on average: 40.4 ng/ml at reduced doses and 49.7 ng/ml at 6 mg/day) 
and still good therapeutic response. It seems that individual metabolism of the drug 
plays a vital role in achieving therapeutic concentrations. In another study using 
the BPRS, a positive correlation between the concentration of risperidone and im-
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provement of positive symptoms and cognitive function in schizophrenia, and the 
concentration of the active moiety and improvement in depressive symptoms and 
anxiety was demonstrated. Both of these correlations resulted in total improvement 
in the BPRS. Both concentrations correlated linearly with the occurrence of adverse 
effects [67].

An important indicator of the efficacy of treatment is the D2 receptor occupancy, 
which should reach 65% for a minimal therapeutic effect [64]. In studies conducted 
by Nyberg et al. [68], the average D2 occupancy at an oral dose of 6 mg/day was 82% 
and extrapyramidal symptoms were observed in most patients. After the reduction of 
doses, a safe level of receptor occupancy within 70–80% and a dose of 4 mg/day were 
specified. Numerous studies on the effectiveness of the drug in the depot form at doses 
of 25, 50 and 75 mg/2 weeks were carried out. Various concentrations were achieved: 
4.4–8.8 ng/ml [69] and even 22.7 ng/ml [70] at a dose of 25 mg/2 weeks, 15–31.1 
ng/ml [69] at a dose of 50 mg/2 weeks and 22.5–26.3 [69] at a dose of 75 mg/2 weeks. 
At the same time, with the use of PET, the percentage of D2 receptor occupancy was 
determined at doses as above, reaching the results of 25–48%, 59–83%, 62–72%, 
respectively [69]. As a result, the dose of 25 mg/2 weeks gave a sub-clinical effect 
because D2 receptor occupancy did not reach a therapeutic threshold [69]. In general, 
patients receiving the drug in a depot form achieved lower concentrations of the sum 
of the parent substance and the active metabolite than those receiving the oral form. 
Therefore, monitoring the risperidone/9-OH-risperidone ratio [71] or receptor occu-
pancy seems more reasonable.

Studies on the pharmacokinetics of risperidone and its metabolites depending 
on age, gender, body weight, smoking habits, co-administered drugs, and CYP2D6 
genotype have been conducted. It was shown that there is a linear relationship be-
tween age and 9-OH-risperidone clearance [72] and the concentration of the active 
moiety [73]. The effect of CYP2D6 genotype on risperidone metabolites clearance, 
with comparable efficiency of treatment, was proven. Poor metabolizers achieved 
the concentrations of active moiety up to 3.3-fold higher at the same doses [74, 75]. 
Similarly, patients with parkinsonism or dystonia as well as chronic patients, achieved 
higher concentrations [74–76].

Monitoring levels of prolactin could be an effective indicator of the patient’s 
cooperation. Regarding unequivocally determined relationship between doses, recep-
tor occupancy levels and therapeutic plasma concentrations, monitoring of the latter 
would seem appropriate only in individual situations, for example, lack of therapeutic 
response, unexplained adverse effects or co-medication.

Paliperidone

Paliperidone (9-hydroxyrisperidone) is a hydroxyl derivative of risperidone, its ac-
tive metabolite. Like risperidone, it is characterized by a smaller risk of extrapyramidal 
symptoms and motor disorders than typical antipsychotics. Half-life is approximately 
23–24 hours. The average oral therapeutic dose is 3–12 mg/day, and for paliperidone 
palmitate administered intramuscularly in maintenance treatment – 75 mg/month.
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The level of D2 receptors occupancy is important. In the 6-week study of patients 
with schizophrenia receiving daily doses of 3, 9 and 15 mg, the optimal range of doses 
was calculated based on PET measures (receptor occupancy in the striatum and in the 
temporal cortex) and the plasma concentrations of the drug. An optimal D2 receptor 
occupancy was found at the level of 70–80% at doses of 6–9 mg/day [77]. In 2012, 
in the study by Muly et al., D2 receptor occupancy was evaluated in different areas 
of the brain in macaques receiving risperidone and paliperidone, and compared with 
plasma and cerebrospinal fluid concentrations. The optimum plasma concentration 
range of 40–80 ng/ml for both substances was confirmed [78]. Somewhat lower 
concentration ranges (20–52 ng/ml) are proposed in the conclusions of the study 
conducted by Nazirizadeh et al. [79] on 217 patients receiving paliperidone alone, in 
which a significant clinical improvement was achieved in the CGI. In other reports, 
the therapeutic concentrations range of 20–60 ng/ml is proposed [80] – the same as for 
risperidone. In paliperidone therapy, the relation between clinical improvement, risk 
of extrapyramidal symptoms, increased prolactin levels and plasma concentrations is 
not linear [81]. It has also been noticed that CYP2D6 polymorphism does not affect 
the plasma concentrations of the drug [82].

The literature highlights the potential usefulness of therapeutic drug monitoring 
of paliperidone. However, there is still relatively little research.

Sertindole

Sertindole is an antipsychotic drug with the selective antagonistic action on dopa-
mine D2 receptors. Metabolism occurs in the liver, with the participation of CYP3A4 
and CYP2D6. Sertindole and its metabolites (dehydrosertindole, norsertindole) are 
excreted slowly. Half-life is 55–90 hours and the average recommended therapeutic 
dose – 12–20 mg/day.

In the literature, few reports from research on this drug can be found. There are 
detailed descriptions of some methods used in them, such as dry blood spots, HPLC-
UV, HPLC, or fluorimetric detection [83–85]. The studies were carried out on guinea 
pigs [86], rats [87, 88], and with the participation of people – on very small groups of 
patients (from 2 up to approx. 40 divided into groups). The research on sertindole shows 
several arrangements for its pharmacokinetics in different patients. There is no need 
for dose adjustment in patients with varying degrees of renal insufficiency [89]. QT 
prolongation occurs frequently as an adverse reaction of sertindole. The concentration 
of the drug in myocardium reaches a value of 3.1 times higher than in plasma (with 
values of more than 4-fold higher significantly increasing the risk of arrhythmia and 
sudden cardiac death) [86, 90]. In a study involving patients divided into four groups 
depending on sex and age, it has been demonstrated that age does not have a significant 
impact on plasma concentrations, while higher concentrations (by an average of 29%) 
at the same dose were observed in females [91].

It seems important that the antipsychotic effect of sertindole is not associated 
with a  large D2 receptor occupancy in the striatum [92]. At a dose of 20 mg/day, 
4 patients diagnosed with schizophrenia reached 52–68% occupancy of D2 receptors 
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in the striatum, as well as in the thalamus and the temporal and frontal cortex [93]. 
In another study, 2 patients reached D2 occupancy of 15 and 6% at a dose of 4 mg/day 
[94]. The relationship of the occurrence of extrapyramidal symptoms and lower D2 
receptor occupancy in the case of sertindole in comparison with other antipsychotic 
drugs is debatable [93, 95]. Also, higher occupancy of 5HT2A receptor than D1 and 
D2 was found, which, in a long time, may be associated with a lower risk of extrapy-
ramidal symptoms [88].

Few studies clearly define a target plasma concentration range for sertindole, giving 
priority to receptor occupancy. In a collective article by Hiemke et al. [96], a target 
therapeutic range is specified as 50–100 ng/ml.

Ziprasidone

Ziprasidone is a derivative of piperazine. Its metabolism to 4 major metabolites 
occurs in the liver, with the participation of aldehyde oxidase, CYP3A4 and prob-
ably CYP1A2. Half-life varies depending on the route of administration – after oral 
or intravenous administration it is 6–7 hours, and after intramuscular administration 
– 8–10 hours. The average recommended daily dose is in the range of 120–160 mg. 
The advantage of a daily dose of 120 mg over lower doses has been demonstrated 
in a study by Mamo et al. [97], as the relationship of this dose with therapeutically 
beneficial 5HT2 receptor occupancy has been noticed. At the same time, a significant 
correlation between dose and D2/D3 receptors occupancy, and a slightly higher pref-
erence (about 10%) to these receptors in extrastriatal areas in relation to striatum has 
been proven [98].

In the literature, evidence of work on methods for monitoring concentrations of 
ziprasidone can be found, e.g., dried blood spot testing, microextraction by packed 
sorbent, mass spectrometry [99–102]. Little research on the plasma concentrations 
of ziprasidone was conducted. 2 studies on the pharmacokinetics of the drug were 
attended by 370 and 463 patients receiving daily doses of 20–320 mg. The achieved 
concentrations confirmed the previously proposed therapeutic range of 50–130 ng/ml 
and the correlation of doses with concentrations [103, 104]. No substantial relationship 
of the occurrence of side effects and the concentration or dose was noticed. Lower 
concentrations were observed in smokers [104] and no effects of other drugs (i.a., 
armodafinil – also metabolized with the participation of CYP3A4) on concentrations 
of ziprasidone were recorded [104, 105].

To the observed inter – and intraindividual differences in the results of measure-
ments of concentrations, therapeutic drug monitoring is considered useful in the case 
of ziprasidone.

Recapitulation

Utility of therapeutic drug monitoring has been proven for some typical (halop-
eridol, fluphenazine, perphenazine) and atypical (clozapine, olanzapine, risperidone) 
antipsychotics. In the case of drugs such as asenapine or the latest, as iloperidone, 
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perospirone, bifeprunox, lurasidone, brexpiprazole, or cariprazine there are no or still 
too few reports to determine the recommended concentration ranges.

All the research shows that TDM can be highly useful for avoiding an overdose 
resulting in the occurrence of adverse effects, including irreversible extrapyramidal 
symptoms, and, especially in the case of clozapine, also seizures. For patients, this es-
sentially translates into quality of life [1]. An undoubted benefit of TDM is the safety of 
patients with the possibility to use the lowest doses that provide a satisfactory clinical 
effect [106]. In the case of antipsychotics, D2 receptor occupancy evaluated in PET 
or SPECT is an essential indicator of the efficacy of treatment. This correlates with 
the plasma concentration even more than dose [106]. In the AGNP studies, the effec-
tive and safe D2 receptor occupancy was established at 60–80% [1]. However, low 
availability of PET and SPECT in Poland due to financial and equipment limitations 
can be problematic. Therefore, there is no common practice of applying such imag-
ing in TDM. It would be undoubtedly worthwhile to trace the financial benefits with 
the introduction of TDM in justified cases in the context of total costs of treatment, 
including the treatment of relapse and results of adverse effects. Estimation of the costs 
is not easy due to the lack of guidelines for the amount or frequency of measurements 
and the distinctness of each case. We could therefore talk about the price of a single 
test. Among the above-mentioned methods of measuring the plasma concentration of 
a drug, the cheapest and most commonly used in European countries and in the United 
States is the high-performance liquid chromatography (HPLC). According to European 
and American price lists, the price of a single measurement ranges from 50 to 80 PLN.

Studies suggest that the pharmacokinetics of certain drugs is characterized by large 
inter – and intraindividual differences (age, gender, lifestyle, genetic and metabolic 
characteristics, drug interactions), a narrow therapeutic range or non-linear dose-con-
centration ratio. All of these features provide the need and desirability of therapeutic 
drug monitoring for dose optimization. Baumann et al. [1] have proposed a kind of 
scale meant to illustrate the level of recommendations for TDM of individual drugs 
in clinical practice. Drugs discussed above and other atypical antipsychotics were 
included in this scale:
1.	 Strongly recommended – established therapeutic range (amisulpride, clozapine, 

olanzapine) and always when non-adherence is suspected.
2.	 Recommended – when suggested therapeutic ranges were obtained using thera-

peutically effective doses (aripiprazole, quetiapine, paliperidone, risperidone + 
9-OH-risperidone, sertindole, ziprasidone).

3.	 Useful – when suggested therapeutic concentration ranges were obtained at doses 
in steady-state – after 4–5 T1/2 of the drug (iloperidone, zotepine).

4.	 Probably useful – when suggested concentration ranges were obtained at thera-
peutic doses (asenapine).

5.	 Not recommended – unique pharmacology of a drug, e.g., irreversible blockade 
of an enzyme or flexible dosing according to clinical symptoms [96].
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Table 2. The level of recommendation for the use of TDM in combination with the doses 
and therapeutic concentrations of the discussed atypical antipsychotics

Drug Average oral therapeutic 
antipsychotic doses [mg/day] Half–life [h]

Therapeutic plasma 
concentration range 

[ng/ml]

Level of 
recommendation 

for TDM
Amisulpride 300–800 12–20 200–320 1
Aripiprazole 15–30 60–146 150–210 2
Clozapine 200–600 6–26 350–500 1
Olanzapine 10–20 34 20–40 1
Quetiapine 200–600 7 50–500 2
Paliperidone 3–12 23–24 20–60 2
Risperidone/ 
9-OH-risperidone 2–4 3/23–24 20–60 2

Sertindole 12–20 55–90 50–100 2
Ziprasidone 120–160 6–7 50–130 2

References

1.	 Baumann P, Hiemke C, Ulrich S, Eckermann G, Gaertner I, Gerlach M et al. The AGNP-TDM 
expert group consensus guidelines: Therapeutic drug monitoring in psychiatry. Pharmacopsy-
chiatry 2004; 37(6): 243–265.

2.	 Müller MJ, Eich FX, Regenbogen B, Sachse J, Härtter S, Hiemke C. Amisulpride doses and 
plasma levels in different age groups of patients with schizophrenia or schizoaffective disorder. 
J. Psychopharmacol. 2008; 23(3): 278–286.

3.	 Müller MJ, Regenbogen B, Sachse J, Eich FX, Härtter S, Hiemke C. Gender aspects in the 
clinical treatment of schizophrenic inpatients with amisulpride: A therapeutic drug monitoring 
study. Pharmacopsychiatry 2006; 39(2): 41–46.

4.	 Bergemann N, Kopitz J, Kress KR, Frick A. Plasma amisulpride levels in schizophrenia 
orschizoaffective disorder. Eur. Neuropsychopharmacol. 2004; 14(3): 245–250.

5.	 Müller MJ, Regenbogen B, Härtter S, Eich FX, Hiemke C. Therapeutic drug monitoring for opti-
mizing amisulpride therapy in patients with schizophrenia. J. Psychiatr. Res. 2007; 41(8): 673–679.

6.	 Sparshatt A, Taylor D, Patel MX, Kapur S. Amisulpride – dose, plasma concentration, oc-
cupancy and response: Implications for therapeutic drug monitoring. Acta Psychiatr. Scand. 
2009; 120(6): 416–428.

7.	 Bressan RA, Erlandsson K, Jones HM, Mulligan R, Flanagan RJ, Ell PJ et al. Is regionally 
selective D2/D3 dopamine occupancy sufficient for atypical antipsychotic effect? An in vivo 
quantitative [123I]epidepride SPET study of amisulpride-treated patients. Am. J. Psychiatry 
2003; 160(8): 1413–1420.

8.	 Meisenzahl EM, Schmitt G, Gründer G, Dresel S, Frodl T, la Fougère C et al. Striatal D2/D3 
receptor occupancy, clinical response and side effects with amisulpride: An iodine-123-iodo-
benzamide SPET study. Pharmacopsychiatry 2008; 41(5): 169–175.



1071Therapeutic drug monitoring of atypical antipsychotics

9.	 Sparshatt A, Taylor D, Patel MX, Kapur S. A systematic review of aripiprazole – dose, plasma 
concentration, receptor occupancy and response: Implications for therapeutic drug monitoring. 
J. Clin. Psychiatry 2010; 71(11): 1447–1456.

10.	 Mace S, Taylor D. Aripiprazole: Dose-response relationship in schizophrenia and schizoaf-
fective disorder. CNS Drugs. 2008; 23(9): 773–780.

11.	 Kirschbaum KM, Müller MJ, Zernig G, Saria A, Mobascher A, Malevani J et al. Therapeutic 
monitoring of aripiprazole by HPLC with column-switching and spectrophotometric detection. 
Clin. Chem. 2005; 51(9): 1718–1721.

12.	 Kirschbaum KM, Müller MJ, Malevani J, Mobascher A, Burchardt C, Piel M et al. Serum 
levels of aripiprazole and dehydroaripiprazole, clinical response and side effects. World J. 
Biol. Psychiatry 2008; 9(3): 212–218.

13.	 Gründer G, Fellows C, Janouschek H, Veselinovic T, Boy C, Bröcheler A et al. Brain and 
plasma pharmacokinetics of aripiprazole in patients with schizophrenia: An [18F]fallypride 
PET study. Am. J. Psychiatry 2008; 165(8): 988–995.

14.	 Molden E, Lunde H, Lunder N, Refsum H. Pharmacokinetic variability of aripiprazole and 
the active metabolite dehydroaripiprazole in psychiatric patients. Ther. Drug Monit. 2006; 
28(6): 744–749.

15.	 Bachmann CJ, Rieger-Gies A, Heinzel-Gutenbrunner M, Hiemke C, Remschmidt H, Theisen 
FM. Large variability of aripiprazole and dehydroaripiprazole serum concentrations in ado-
lescent patients with schizophrenia. Ther. Drug Monit. 2008; 30(4): 462–466.

16.	 Hendset M, Hermann M, Lunde H, Refsum H, Molden E. Impact of the CYP2D6 genotype 
on steady-state serum concentrations of aripiprazole and dehydroaripiprazole. Eur. J. Clin. 
Pharmacol. 2007; 63(12): 1147–1151.

17.	 Haring C, Fleischhacker WW, Schett P, Humpel C, Barnas C, Saria A. Influence of patient-re-
lated variables on clozapine plasma levels. Am. J. Psychiatry 1990; 147(11): 1471–1475.

18.	 Haring C, Meise U, Humpel C, Saria A, Fleischhacker WW, Hinterhuber H. Dose-related 
plasma levels of clozapine: Influence of smoking behaviour, sex and age. Psychopharmacology 
(Berl.) 1989; 99(Suppl.): S38–S40.

19.	 Ng CH, Chong SA, Lambert T, Fan A, Hackett LP, Mahendran R. An inter-ethnic comparison 
study of clozapine dosage, clinical response and plasma levels. Int. Clin. Psychopharmacol. 
2005; 20(3): 163–168.

20.	 Taylor D. Pharmacokinetic interactions involving clozapine. Br. J. Psychiatry 1997; 171: 109–112.
21.	 Miller DD. Effect of phenytoin on plasma clozapine concentrations in two patients. J. Clin. 

Psychiatry 1991; 52(1): 23–25.
22.	 Haack MJ, Bak ML, Beurskens R, Maes M, Stolk LM, Delespaul PA. Toxic rise of clozapine 

plasma concentrations in relation to inflammation. Eur. Neuropsychopharmacol. 2003; 13(5): 
381–385.

23.	 De Leon J, Diaz FJ. Serious respiratory infections can increase clozapine levels and contribute to 
side effects: A case report. Prog. Neuropsychopharmacol. Biol. Psychiatry 2003; 27(6): 1059–1063.

24.	 Rostami-Hodjegan A, Amin AM, Spencer EP, Lennard MS, Tucker GT, Flanagan RJ. Influence 
of dose, cigarette smoking, age, sex, and metabolic activity on plasma clozapine concentrations: 
A predictive model and nomograms to aid clozapine dose adjustment and to assess compliance 
in individual patients. J. Clin. Psychopharmacol. 2004; 24(1): 70–78.

25.	 VanderZwaag C, McGee M, McEvoy JP, Freudenreich O, Wilson WH, Cooper TB. Response of 
patients with treatment-refractory schizophrenia to clozapine within three serum level ranges. 
Am. J. Psychiatry 1996; 153(12): 1579–1584.



Anna Emilia Urban, Wiesław Jerzy Cubała1072

26.	 Perry PJ, Miller DD, Arndt SV, Cadoret RJ. Clozapine and norclozapine plasma concentra-
tions and clinical response of treatment-refractory schizophrenic patients. Am. J. Psychiatry 
1991; 148(2): 231–235.

27.	 Spina E, Avenoso A, Facciolà G, Scordo MG, Ancione M, Madia AG et al. Relationship 
between plasma concentrations of clozapine and norclozapine and therapeutic response in 
patients with schizophrenia resistant to conventional neuroleptics. Psychopharmacology (Berl.) 
2000; 148(1): 83–89.

28.	 Hasegawa M, Gutierrez-Esteinou R, Way L, Meltzer HY. Relationship between clinical ef-
ficacy and clozapine concentrations in plasma in schizophrenia: Effect of smoking. J. Clin. 
Psychopharmacol. 1993; 13(6): 383–390.

29.	 Potkin SG, Bera R, Gulasekaram B, Costa J, Hayes S, Jin Y et al. Plasma clozapine concentra-
tions predict clinical response in treatment-resistant schizophrenia. J. Clin. Psychiatry 1994; 
55(Suppl. B): 133–136.

30.	 Perry PJ. Therapeutic drug monitoring of antipsychotics. Psychopharmacol. Bull. 2001; 35(3): 
19–29.

31.	 Llorca PM, Lancon C, Disdier B, Farisse J, Sapin C, Auquier P. Effectiveness of clozapine in 
neuroleptic-resistant schizophrenia: Clinical response and plasma concentrations. J. Psychiatry 
Neurosci. 2002; 27(1): 30–37.

32.	 Xiang YQ, Zhang ZJ, Weng YZ, Zhai YM, Li WB, Cai ZJ et al. Serum concentrations of clozap-
ine and norclozapine in the prediction of relapse of patients with schizophrenia. Schizophr. 
Res. 2006; 83(2–3): 201–210.

33.	 Stieffenhofer V, Saglam H, Schmidtmann I, Silver H, Hiemke C, Konrad A. Clozapine plasma 
level monitoring for prediction of rehospitalization schizophrenic outpatients. Pharmacopsy-
chiatry 2011; 44(2): 55–59.

34.	 Yusufi B, Mukherjee S, Flanagan R, Paton C, Dunn G, Page E et al. Prevalence and nature of 
side effects during clozapine maintenance treatment and the relationship with clozapine dose 
and plasma concentration. Int. Clin. Psychopharmacol. 2007; 22(4): 238–243.

35.	 Greenwood-Smith C, Lubman DI, Castle DJ. Serum clozapine levels: A review of their clinical 
utility. J. Psychopharmacol. 2003; 17(2): 234–238.

36.	 Varma S, Bishara D, Besag FM, Taylor D. Clozapine-related EEG changes and seizures: Dose 
and plasma-level relationships. Ther. Adv. Psychopharmacol. 2011; 1(2): 47–66.

37.	 Sparshatt A, Jones S, Taylor D. Quetiapine: Dose-response relationship in schizophrenia. CNS 
Drugs. 2008; 22(1): 49–68.

38.	 Gerlach M, Hünnerkopf R, Rothenhöfer S, Libal G, Burger R, Clement HW et al. Therapeutic 
drug monitoring of quetiapine in adolescents with psychotic disorders. Pharmacopsychiatry 
2007; 40(2): 72–76.

39.	 Handley SA, Bowskill SV, Patel MX, Flanagan RJ. Plasma quetiapine in relation to prescribed 
dose and other factors: Data from a therapeutic drug monitoring service, 2000–2011. Ther. 
Adv. Psychopharmacol. 2013; 3(3): 129–137.

40.	 Hasselstrøm J, Linnet K. Quetiapine serum concentrations in psychiatric patients: The influence 
of comedication. Ther. Drug Monit. 2004; 26(5): 486–491.

41.	 Sparshatt A, Taylor D, Patel MX, Kapur S. Relationship between daily dose, plasma concen-
trations, dopamine receptor occupancy, and clinical response to quetiapine: A review. J. Clin. 
Psychiatry 2011; 72(8): 1108–1123.

42.	 Winter HR, Earley WR, Hamer-Maansson JE, Davis PC, Smith MA. Steady-state pharma-
cokinetic, safety, and tolerability profiles of quetiapine, norquetiapine, and other quetiapine 



1073Therapeutic drug monitoring of atypical antipsychotics

metabolites in pediatric and adult patients with psychotic disorders. J. Child Adolesc. Psy-
chopharmacol. 2008; 18(1): 81–98.

43.	 McConville BJ, Arvanitis LA, Thyrum PT, Yeh C, Wilkinson LA, Chaney RO et al. Pharma-
cokinetics, tolerability, and clinical effectiveness of quetiapine fumarate: An open-label trial 
in adolescents with psychotic disorders. J. Clin. Psychiatry 2000; 61(4): 252–260.

44.	 Vernaleken I, Janouschek H, Raptis M, Hellmann S, Veselinovic T, Bröcheler A et al. Dopamine 
D2/3 receptor occupancy by quetiapine in striatal and extrastriatal areas. Int. J. Neuropsy-
chopharmacol. 2010; 13(7): 951–960.

45.	 Castberg I, Skogvoll E, Spigset O. Quetiapine and drug interactions: Evidence from a routine 
therapeutic drug monitoring service. J. Clin. Psychiatry 2007; 68(10): 1540–1545.

46.	 Aichhorn W, Marksteiner J, Walch T, Zernig G, Saria A, Kemmler G. Influence of age, gen-
der, body weight and valproate comedication on quetiapine plasma concentrations. Int. Clin. 
Psychopharmacol. 2006; 21(2): 81–85.

47.	 van der Weide K, van der Weide J. The influence of the CYP3A4*22 polymorphism on serum 
concentration of quetiapine in psychiatric patients. J. Clin. Psychopharmacol. 2014; 34(2): 
256–260.

48.	 Aravagiri M, Ames D, Wirshing WC, Marder SR. Plasma level monitoring of olanzapine in 
patients with schizophrenia: Determination by high-performance liquid chromatography with 
electrochemical detection. Ther. Drug Monit. 1997; 19(3): 307–313.

49.	 Gex-Fabry M, Balant-Gorgia AE, Balant LP. Therapeutic drug monitoring of olanzapine: 
The combined effect of age, gender, smoking, and comedication. Ther. Drug Monit. 2003; 
25(1): 46–53.

50.	 Kelly DL, Richardson CM, Yu Y, Conley RR. Plasma concentrations of high-dose olanzapine 
in a double-blind crossover study. Hum. Psychopharmacol. 2006; 21(6): 393–398.

51.	 Citrome L, Stauffer VL, Chen L, Kinon BJ, Kurtz DL, Jacobson JG et al. Olanzapine plasma 
concentrations after treatment with 10, 20, and 40 mg/d in patients with schizophrenia: 
An analysis of correlations with efficacy, weight gain, and prolactin concentration. J. Clin. 
Psychopharmacol. 2009; 29(3): 278–283.

52.	 Skogh E, Reis M, Dahl ML, Lundmark J, Bengtsson F. Therapeutic drug monitoring data 
on olanzapine and its N-demethyl metabolite in the naturalistic clinical setting. Ther. Drug 
Monit. 2002; 24(4): 518–526.

53.	 Nozawa M, Ohnuma T, Matsubara Y, Sakai Y, Hatano T, Hanzawa R et al. The relationship 
between the response of clinical symptoms and plasma olanzapine concentration, based on 
pharmacogenetics: Juntendo University Schizophrenia Projects (JUSP). Ther. Drug Monit. 
2008; 30(1): 35–40.

54.	 Rao ML, Hiemke C, Grasmäder K, Baumann P, TDM Arbeitsgruppe Der AGNP. Olanzapine: 
Pharmacology, pharmacokinetics and therapeutic drug monitoring. Fortschr. Neurol. Psychiatr. 
2001; 69(11): 510–517.

55.	 Bergemann N, Frick A, Parzer P, Kopitz J. Olanzapine plasma concentration, average daily 
dose, and interaction with co-medication in schizophrenic patients. Pharmacopsychiatry 2004; 
37(2): 63–68.

56.	 Perry PJ, Sanger T, Beasley C. Olanzapine plasma concentrations and clinical response in 
acutely ill schizophrenic patients. J. Clin. Psychopharmacol. 1997; 17(6): 472–477.

57.	 Fellows L, Ahmad F, Castle DJ, Dusci LJ, Bulsara MK, Ilett KF. Investigation of target plasma 
concentration-effect relationships for olanzapine in schizophrenia. Ther. Drug Monit. 2003; 
25(6): 682–689.



Anna Emilia Urban, Wiesław Jerzy Cubała1074

58.	 Mauri MC, Steinhilber CP, Marino R, Invernizzi E, Fiorentini A, Cerveri G et al. Clinical 
outcome and olanzapine plasma levels in acute schizophrenia. Eur. Psychiatry 2005; 20(1): 
55–60.

59.	 Robertson MD, McMullin MM. Olanzapine concentrations in clinical serum and postmortem 
blood specimens – when does therapeutic become toxic? J. Forensic Sci. 2000; 45(2): 418–421.

60.	 Perry PJ, Argo TR, Carnahan RM, Lund BC, Holman TL, Ellingrod VL. The association of 
weight gain and olanzapine plasma concentrations. J. Clin. Psychopharmacol. 2005; 25(3): 
250–254.

61.	 Bachmann CJ, Haberhausen M, Heinzel-Gutenbrunner M, Remschmidt H, Theisen FM. Large 
intraindividual variability of olanzapine serum concentrations in adolescent patients. Ther. 
Drug Monit. 2008; 30(1): 108–112.

62.	 Patel MX, Bowskill S, Couchman L, Lay V, Taylor D, Spencer EP et al. Plasma olanzapine 
in relation to prescribed dose and other factors: Data from a therapeutic drug monitoring 
service, 1999–2009. Psychopharmacology 2011; 31(4): 411–417.

63.	 Olesen OV, Licht RW, Thomsen E, Bruun T, Viftrup JE, Linnet K. Serum concentrations 
and side effects in psychiatric patients during risperidone therapy. Ther. Drug Monit. 1998; 
20(4): 380–384.

64.	 Remington G, Mamo D, Labelle A, Reiss J, Shammi C, Mannaert E. A PET study evaluating 
dopamine D2 receptor occupancy for long-acting injectable risperidone. Am. J. Psychiatry 
2006; 163(3): 396–401.

65.	 Odou P, Levron JC, Luyckx M, Brunet C, Robert H. Risperidone Drug Monitoring: A Useful 
Clinical Tool? Clin. Drug Investig. 2000; 19(4): 283–292.

66.	 Lane HY, Chiu WC, Chou JC, Wu ST, Su MH, Chang WH. Risperidone in acutely exacerbated 
schizophrenia: Dosing strategies and plasma levels. J. Clin. Psychiatry 2000; 61(3): 209–214.

67.	 Yasui-Furukori N, Saito M, Nakagami T, Furukori H, Suzuki A, Kondo T et al. Clinical response 
to risperidone in relation to plasma drug concentrations in acutely exacerbated schizophrenic 
patients. J. Psychopharmacol. 2010; 24(7): 987–994.

68.	 Nyberg S, Eriksson B, Oxenstierna G, Halldin C, Farde L. Suggested minimal effective dose 
of risperidone based on PET-measured D2 and 5-HT2A receptor occupancy in schizophrenic 
patients. Am. J. Psychiatry 1999; 156(6): 869–875.

69.	 Gefvert O, Eriksson B, Persson P, Helldin L, Björner A, Mannaert E et al. Pharmacokinetics 
and D2 receptor occupancy of long-acting injectable risperidone (Risperdal Consta) in patients 
with schizophrenia. Int. J. Neuropsychopharmacol. 2005; 8(1): 27–36.

70.	 Harrison TS, Goa KL. Long-acting risperidone: A review of its use in schizophrenia. CNS 
Drugs. 2004; 18(2): 113–132.

71.	 Young CL, Taylor DM. Health resource utilization associated with switching to risperidone 
long-acting injection. Acta Psychiatr. Scand. 2006; 114(1): 14–20.

72.	 Feng Y, Pollock BG, Coley K, Marder S, Miller D, Kirshner M et al. Population pharmacoki-
netic analysis for risperidone using highly sparse sampling measurements from the CATIE 
study. Br. J. Clin. Pharmacol. 2008; 66(5): 629–639.

73.	 Mauri MC, Laini V, Boscati L, Rudelli R, Salvi V, Orlandi R et al. Long-term treatment of 
chronic schizophrenia with risperidone: A study with plasma levels. Eur. Psychiatry 2001; 
16(1): 57–63.

74.	 Locatelli I, Kastelic M, Koprivsek J, Kores-Plesnicar B, Mrhar A, Dolzan V et al. A population 
pharmacokinetic evaluation of the influence of CYP2D6 genotype on risperidone metabolism 
in patients with acute episode of schizophrenia. Eur. J. Pharm. Sci. 2010; 41(2): 289–298.



1075Therapeutic drug monitoring of atypical antipsychotics

75.	 Riedel M, Schwarz MJ, Strassnig M, Spellmann I, Müller-Arends A, Weber K et al. Risperi-
done plasma levels, clinical response and side-effects. Eur. Arch. Psychiatry Clin. Neurosci. 
2005; 255(4): 261–268.

76.	 Spina E, Avenoso A, Facciolà G, Salemi M, Scordo MG, Ancione M et al. Relationship between 
plasma risperidone and 9-hydroxyrisperidone concentrations and clinical response in patients 
with schizophrenia. Psychopharmacology (Berl.) 2001; 153(2): 238–243.

77.	 Arakawa R, Ito H, Takano A, Takahashi H, Morimoto T, Sassa T et al. Dose-finding study of 
paliperidone ER based on striatal and extrastriatal dopamine D2 receptor occupancy in patients 
with schizophrenia. Psychopharmacology (Berl.) 2008; 197(2): 229–235.

78.	 Muly EC, Votaw JR, Ritchie J, Howell LL. Relationship between dose, drug levels, and D2 
receptor occupancy for the atypical antipsychotics risperidone and paliperidone. J. Pharmacol. 
Exp. Ther. 2012; 341(1): 81–89.

79.	 Nazirizadeh Y, Vogel F, Bader W, Haen E, Pfuhlmann B, Gründer G et al. Serum concentra-
tions of paliperidone versus risperidone and clinical effects. Eur. J. Clin. Pharmacol. 2010; 
66(8): 797–803.

80.	 Liu HY, Hwang TJ, Tsai IL, Kuo CH. Use of high-conductivity sample solution with sweeping-
micellar electrokinetic capillary chromatography for trace-level quantification of paliperidone 
in human plasma. Electrophoresis 2015; 36(4): 534–542.

81.	 Suzuki H, Gen K, Otomo M, Inoue Y, Hibino H, Mikami A et al. Relationship between the 
plasma concentration of paliperidone and the clinical and drug-induced extrapyramidal 
symptoms in elderly patients with schizophrenia. Hum. Psychopharmacol. 2014; 29(3): 
244–250.

82.	 Lisbeth P, Vincent H, Kristof M, Bernard S, Manuel M, Hugo N. Genotype and co-medication 
dependent CYP2D6 metabolic activity: Effects on serum concentrations of aripiprazole, 
haloperidol, risperidone, paliperidone and zuclopenthixol. Eur. J. Clin. Pharmacol. 2016; 
72(2): 175–184.

83.	 Patteet L, Maudens KE, Stove CP, Lambert WE, Morrens M, Sabbe B et al. The use of dried 
blood spots for quantification of 15 antipsychotics and 7 metabolites with ultra-high per-
formance liquid chromatography – tandem mass spectrometry. Drug Test. Anal. 2015; 7(6): 
502–511.

84.	 Canal-Raffin M, Déridet E, Titier K, Frakra E, Molimard M, Moore N. Simplified ultraviolet 
liquid chromatographic method for determination of sertindole, dehydrosertindole and nor-
sertindole, in human plasma. J. Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 2005; 
814(1): 61–67.

85.	 Tzeng TB, Stamm G, Chu SY. Sensitive method for the assay of sertindole in plasma by high-
performance liquid chromatography and fluorimetric detection. J. Chromatogr. B. Biomed. 
Appl. 1994; 661(2): 299–306.

86.	 Canal-Raffin M, Titier K, Déridet E, Martinez B, Abouelfath A, Miras A et al. Myocardium 
distribution of sertindole and its metabolite dehydrosertindole in guinea-pigs. Biopharm. Drug 
Dispos. 2006; 27(4): 171–179.

87.	 Bundgaard C, Larsen F, Kreilgaard M, Brennum LT, Olsen CK. Pharmacokinetics of sertin-
dole and its metabolite dehydrosertindole in rats and characterization of their comparative 
pharmacodynamics based on in vivo D2 receptor occupancy and behavioural conditioned 
avoidance response. Biopharm. Drug Dispos. 2009; 30(4): 209–220.

88.	 Takahashi Y, Kusumi I, Ishikane T, Matsubara S, Koyama T. In vivo occupation of dopamine 
D1, D2 and serotonin (5-HT)2A receptors by sertindole in the rat brain. J. Psychiatry Neurosci. 
1998; 23(3): 157–162.



Anna Emilia Urban, Wiesław Jerzy Cubała1076

89.	 Wong SL, Menacherry S, Mulford D, Schmitz PJ, Locke C, Granneman GR. Pharmacokinetics 
of sertindole and dehydrosertindole in volunteers with normal or impaired renal function. Eur. 
J. Clin. Pharmacol. 1997; 52(3): 223–227.

90.	 Titier K, Canal M, Déridet E, Abouelfath A, Gromb S, Molimard M et al. Determination of 
myocardium to plasma concentration ratios of five antipsychotic drugs: Comparison with their 
ability to induce arrhythmia and sudden death in clinical practice. Toxicol. Appl. Pharmacol. 
2004; 199(1): 52–60.

91.	 Wong SL, Cao G, Mack RJ, Granneman GR. Pharmacokinetics of sertindole in healthy young 
and elderly male and female subjects. Clin. Pharmacol. Ther. 1997; 62(2): 157–164.

92.	 Kasper S, Tauscher J, Küfferle B, Barnas C, Hesselmann B, Asenbaum S. Sertindole and 
dopamine D2 receptor occupancy in comparison to risperidone, clozapine and haloperidol – 
a 123I-IBZM SPECT study. Psychopharmacology (Berl.) 1998; 136(4): 367–373.

93.	 Nyberg S, Olsson H, Nilsson U, Maehlum E, Halldin C, Farde L. Low striatal and extrastriatal 
D2 receptor occupancy during treatment with the atypical antipsychotic sertindole. Psychop-
harmacology (Berl.) 2002; 162(1): 37–41.

94.	 Farde L, Mack RJ, Nyberg S, Halldin C. D2 occupancy, extrapyramidal side effects and 
antipsychotic drug treatment: A pilot study with sertindole in healthy subjects. Int. Clin. Psy-
chopharmacol. 1997; 12(Suppl. 1): S3–S7.

95.	 Pilowsky LS, O’Connell P, Davies N, Busatto GF, Costa DC, Murray RM et al. In vivo effects 
on striatal dopamine D2 receptor binding by the novel atypical antipsychotic drug sertindole 
– a 123I IBZM single photon emission tomography (SPET) study. Psychopharmacology (Berl.) 
1997; 130(2): 152–158.

96.	 Hiemke C, Baumann P, Bergemann N, Conca A, Dietmaier O, Egberts K et al. AGNP consensus 
guidelines for therapeutic drug monitoring in psychiatry: Update 2011. Pharmacopsychiatry 
2011; 44(6): 195–235.

97.	 Mamo D, Kapur S, Shammi CM, Papatheodorou G, Mann S, Therrien F et al. A PET study of 
dopamine D2 and serotonin 5-HT2 receptor occupancy in patients with schizophrenia treated 
with therapeutic doses of ziprasidone. Am. J. Psychiatry 2004; 161(5): 818–825.

98.	 Vernaleken I, Fellows C, Janouschek H, Bröcheler A, Veselinovic T, Landvogt C et al. Stri-
atal and extrastriatal D2/D3-receptor-binding properties of ziprasidone: A positron emission 
tomography study with [18F]Fallypride and [11C]raclopride (D2/D3-receptor occupancy of 
ziprasidone). J. Clin. Psychopharmacol. 2008; 28(6): 608–617.

99.	 Mercolini L, Mandrioli R, Protti M, Conca A, Albers LJ, Raggi MA. Dried blood spot testing: 
A novel approach for the therapeutic drug monitoring of ziprasidone-treated patients. Bio-
analysis. 2014; 6(11): 1487–1495.

100.	 Mercolini L, Protti M, Fulgenzi G, Mandrioli R, Ghedini N, Conca A et al. A fast and feasi-
ble microextraction by packed sorbent (MEPS) procedure for HPLC analysis of the atypical 
antipsychotic ziprasidone in human plasma. J. Pharm. Biomed. Anal. 2014; 88: 467–471.

101.	 Zhang G, Terry AV Jr, Bartlett MG. Determination of the lipophilic antipsychotic drug ziprasi-
done in rat plasma and brain tissue using liquid chromatography-tandem mass spectrometry. 
Biomed. Chromatogr. 2008; 22(7): 770–778.

102.	 Sachse J, Härtter S, Hiemke C. Automated determination of ziprasidone by HPLC with column 
switching and spectrophotometric detection. Ther. Drug Monit. 2005; 27(2): 158–162.

103.	 Chermá MD, Reis M, Hägg S, Ahlner J, Bengtsson F. Therapeutic drug monitoring of ziprasi-
done in a clinical treatment setting. Ther. Drug Monit. 2008; 30(6): 682–688.



1077Therapeutic drug monitoring of atypical antipsychotics

104.	 Vogel F, Gansmüller R, Leiblein T, Dietmaier O, Wassmuth H, Gründer G et al. The use of 
ziprasidone in clinical practice: Analysis of pharmacokinetic and pharmacodynamic aspects 
from data of a drug monitoring survey. Eur. Psychiatry 2009; 24(3): 143–148.

105.	 Darwish M, Bond M, Yang R, Hellriegel ET, Robertson P Jr. Evaluation of the potential for 
a  pharmacokinetic drug-drug interaction between armodafinil and ziprasidone in healthy 
adults. Clin. Drug Investig. 2014; 34(10): 691–699.

106.	 Hiemke C, Dragicevic A, Gründer G, Hätter S, Sachse J, Vernaleken I et al. Therapeutic moni-
toring of new antipsychotic drugs. Ther. Drug Monit. 2004; 26(2): 156–160.

Address: Anna Emilia Urban
Clinic of Adult Psychiatry
Medical University of Gdansk
80-952 Gdańsk, Dębinki Street 7


